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Abstract 
We propose a robust and highly efficient NMR technique to create singlet spin order from longitudinal spin 
magnetization in coupled spin-½ pairs and to perform backward conversion (singlet order)→magnetization. In this 
method we exploit adiabatic switching of an RF-field in order to drive transitions between the singlet state and the ± 
triplet states of a spin pair under study. We demonstrate that the method works perfectly for both strongly and weakly 
coupled spin pairs, providing a conversion efficiency between the singlet spin order and magnetization, which is equal 
to the theoretical maximum. We anticipate that the proposed technique is useful for generating long-lived singlet 
order, for preserving spin hyperpolarization and for assessing singlet spin order in nearly equivalent spin pairs in 
specially designed molecules and in low-field NMR studies. 
 
I. Introduction 
Nuclear singlet states with extended lifetimes [1, 2] are becoming a powerful tool in Nuclear Magnetic 
Resonance (NMR) spectroscopy. Such Long-Lived spin States (LLSs) can be formed in pairs of spins ½: in such 
spin pairs the singlet spin state is often long-lived for the reason that it is immune to mutual dipolar 
relaxation, which typically gives the dominant contribution to spin relaxation rates. LLSs lifetimes, , can by 
far exceed nuclear T1-relaxation times: for instance, for the β-CH2 protons of partially deuterated aromatic 
amino acids they can be as long at 45 ⋅  [3, 4]. Extremely long LLS lifetimes have been found in the 15N-
labeled N2O molecule [5]; recently,  of the order of 1 hour for a pair of 13C spins has been reported for 
specially designed 
13
C-labeled molecules [6]. LLSs can be sustained once the nuclear singlet state is an eigen-
state (or nearly an eigen-state) of the spin Hamiltonian. Such a condition can be fulfilled by placing the spins 
at a sufficiently low magnetic field [7], by applying strong RF-excitation (spin-locking) [7] or by using 
specially designed molecules with “nearly-equivalent” pairs of spins [6]. LLSs create a unique resource for 
studying slow dynamics processes, notably, for probing slow molecular motions [8, 9], slow diffusion and 
transport [10-14] and drug-screening [15], when fast T1-relaxation imposes restrictions for the NMR 
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observation window. Another promising application of LLSs is strong non-thermal nuclear spin polarization 
[16-19]. Such a polarization, often termed hyperpolarization, provides an enormous gain in NMR signal 
intensity but irreversibly decays due to T1-relaxation. In such a situation LLSs can be a remedy: the precious 
hyperpolarization stored in the nuclear spin order often has extended lifetimes. 
A prerequisite for utilizing singlet spin order in various NMR applications is a robust method for conversion 
of spin magnetization into the singlet spin order and back, required for creating LLSs and also for observing 
NMR signals originating from LLSs. There has been a number of techniques developed [1], which provide the 
desired spin order conversion; however, none of them works efficiently for both weakly and strongly 
coupled spins. In this context, we would like to mention a technique proposed by some of us [20, 21], which 
is based on slowly (adiabatically) switching a spin-locking RF-field to enable highly efficient magnetization-
to-singlet (M2S) and singlet-to-magnetization (S2M) conversion. The method is based on correlating nuclear 
spin states in the RF-rotating frame of reference; we have demonstrated that it provides excellent 
conversion efficiency (equal to the maximal theoretical value [22]) and enables suppression of residual NMR 
signals originating from spins having no LLSs. By varying the RF-frequency we can select the pathway of spin 
order conversion, namely, we can selectively induce transitions of the kind  ⟷  or  ⟷ . Previously, 
the method has been applied only to weakly coupled spin pairs, i.e., when the coupling strength, , is much 
smaller than the difference, , in the NMR frequencies. This can be a limitation of the method as 
experiments on LLSs are often performed on strongly-coupled spin systems, i.e., in the situation where 
||~ or even || ≫ . With the aim to extend the capabilities of the technique, here we demonstrate 
that it is operative at an arbitrary relation between  and  and provides excellent M2S/S2M conversion. 
Hence, we show that there is a universal method for robust M2S and S2M conversion, which is efficient for 
an arbitrary spin-½ pair. We term this technique “Adiabatic-Passage Spin Order Conversion”, or APSOC, 
without regard to the coupling regime. To demonstrate the power of our method we apply it to a peptide 
having strongly and weakly coupled spin pairs, namely, CH2-groups. Our results clearly show that the new 
method is useful for creating singlet spin order and very versatile. Possible applications of the APSOC 
technique are discussed. 
II. Theory 
Let us describe how APSOC works in a system of two coupled spins upon a perfectly adiabatic RF-field 
switch. In such a situation the switch becomes reversible. This means that, if we know, for instance, how 
magnetization is converted into the singlet spin order by an RF-on switch, we also know how the singlet 
state population is converted by turning off an RF-field: the pathway of spin order conversion is simply 
reverted upon the RF-off switch. Thus, it is sufficient to correlate the spin states in the rotating frame for 
zero  and for “strong” . For the sake of simplicity, let us discuss the case of nearly equivalent spins, i.e., 
|| ≫ ||, and then generalize the results. 
The Hamiltonian of two coupled spins (spin “a” and spin “b”) in an external magnetic field  directed along 
the -axis and an oscillating RF-field directed along the 	-axis in the laboratory frame is as follows (as 
written in the units of ℎ): 

 = −	 − 

	 − 2 cos2 ⋅  + 
 + ( ⋅ 
) (1) 
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Here  and 
 are the spin operators of the two nuclei under study;  and 
 are the Larmor precession 
frequencies of the nuclei “a” and “b” at a field ;  is the RF-field amplitude. Let us introduce the “center 
of the spectrum” frequency:  =   and the difference of Larmor frequencies   =  − 
. The off-
set of the RF-frequency, , from the center of the spectrum is equal to Δ =  − . It is convenient to 
describe the spin dynamics in the frame of reference, which rotates about the -axis at the frequency . 
The Hamiltonian in such a rotating frame is as follows (when the counter-rotating RF-field component is left 
out): 

 = −Δ	 − Δ

	 −  + 
 + ( ⋅ 
) (2) 
Here Δ =  −  and ∆
= 
 −  are the offsets of the RF-frequency from the resonance frequencies 
of spins “a” and “b”, respectively. Using the definitions Δ and  we obtain: Δ = Δ +   and Δ
 = Δ −  . 
Here we consider both positive and negative Δ. Henceforth, in our analysis we assume that the RF-field 
strength, (), is a function of time and search for the solution in the simplest case where () is changed 
in an adiabatic fashion. It is convenient to present the Hamiltonian as a sum of the main part, 
, and the 
perturbation,  , 

 = 
 +   (3) 
For the sake simplicity, let us assume that the spin system is coupled strongly and obtain the results for this 
specific case and then generalize them for arbitrary relation between  and . In such a case the two 
contributions to 
 are 

 = −Δ	 + 
	 −  + 
 +  ⋅ 
,      = −	 − 
	/2 (4) 
In our analysis we stay with 
 and correlate the adiabatic levels of the main part at  = 0 and at  > ||. 
By correlation we mean that the population of the highest level (in energy) at  = 0 goes to the population 
of the highest level at  > ||; likewise, the population of the second highest state in the absence of the RF-
field goes to the population of the second highest state in the presence of the RF-field and so on. 
Importantly, while performing the correlation of states we always stay in the RF-rotating frame (even when 
 is zero) in order to remove all rapidly oscillating terms in the Hamiltonian, compare eqs. (1) and (2). The 
perturbation   repels the levels of 
, when they tend to cross. This situation is known as a Level Anti-
Crossing (LAC). The solution of 
 can be obtained for an arbitrary RF-field strength; a “good” basis for this 
Hamiltonian is the singlet-triplet basis. However, one should note that, in general, the quantization axis for 
the triplet states is neither , nor 	: this axis is parallel to the effective field experienced by the spins. Such a 
frame is termed “tilted” frame and 
 in this frame is written as 

, = −	 + 
	 +  ⋅ 
 (5) 
where  = , 0, Δ, so that the effective field is the following vector:  = −2   (here  is the 
nuclear gyromagnetic ratio).  
Let us first consider what happens when  = 0, i.e., when the RF-field is off. The main Hamiltonian, 
,, 
has four eigen-states, ,,,, with the following energies: 
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 = −Δ + 
4
,     = Δ + 
4
,     = 
4
,     = − 3
4
 
(6) 
The order, in which these states are grouped, depends on the signs of  and Δ; the sign of Δ is set by varying 
the RF-frequency, see Figure 1a and 1b. When |Δ| > || the  and  states are always the second and third 
highest states in energy. As we show below, this is not what we want: APSOC only works in the opposite 
case, i.e., when || > |Δ|. In this situation the states are grouped as shown in Figure 1a and 1b (shown for 
 > 0). Thus, the lowest state is always the singlet state; the three triplet states are grouped according to 
the sign of Δ. It is important to note that at  = 0 the triplet states are those defined for the quantization 
axis parallel to the -axis. 
 
Figure 1. Energy levels of a strongly coupled two-spin system (i.e.,  ≫ ) in the RF-rotating frame in the absence of an RF-field (a 
and b) and in the presence of a strong RF-field (c). In (a) Δ > 0 and the second lowest state is the  state; in (b) Δ < 0 and the 
second lowest state is the  state. In (c) we assume  ≫ , |∆|. The spin states ,,± are the eigen-states in the “tilted” frame 
where the -axis is parallel to the effective field vector, 	

 . Here |Δ| < || and  > 0. 
When the RF-field is on and it is sufficiently strong,  ≫ |Δ|, ||, we obtain: 
 = − + 
4
,     =  + 
4
,     = 
4
,     = − 3
4
 
(7) 
Thus, the states are grouped as shown in Figure 1c; namely, the second lowest state in energy is the  state.  
Consequently, upon increasing the RF-field strength the singlet state should be correlated with the  state 
(case Δ > 0) or  state (case Δ < 0). At thermal equilibrium the  state is overpopulated, whereas the  
state is underpopulated; thus, the two kinds of conversion provide an overpopulated or underpopulated 
singlet state. The method works only when |Δ| < ||; otherwise, we do not change the order of the 
adiabatic states and only have the correlation of the kind  ↔ .  
In the discussion we so far omitted the   term. In fact, this term is very important. The reason is that at a 
particular  strength, namely, when  =  + Δ is equal to || we obtain an - (or -–) crossing 
for the main Hamiltonian, 
,, see Figure 2. Consequently, in the absence of the perturbation there is no 
 ↔  or  ↔  conversion: instead the correlation of states is  ↔ ,  ↔  and ± ↔ ±, i.e., the 
APSOC method does not work. So, the method works only because at the crossing we have the   term, 
which mixes the crossing levels and makes an LAC out of the crossing. The time of passage through the 
crossing thus has to be of the order of 1/ and does not have to be very precisely controlled (when the 
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relaxation time is much greater than 1/). It is worth noting that when the sign of  is negative the 
conversion pathways change as follows: it is  ↔  conversion (case Δ > 0) and  ↔  conversion (case 
Δ < 0). This change of the APSOC pathway is of no principal importance, since APSOC works in the same 
way as for  > 0. 
 
Figure 2. Adiabatic correlation of states in the APSOC method. Energy levels of the four spin states of a strongly coupled spin pair 
are shown as functions of  for the following parameters:  = 15 Hz, Δ = 4 Hz,  = 2 Hz. In this example we have correlation of 
the  state at  = 0 with the singlet state, , at  ≫ ; the corresponding adiabatic level, which is the second lowest level in 
energy, is highlighted and the spin order conversion pathway is indicated by arrows. This level has an LAC (indicated by the circle) 
with the lowest energy level; a prerequisite for the desired spin order conversion,  ↔ , is adabatic passage through this LAC. The 
relevant splitting between the energy levels is indicated at  = 0 and strong  and also at the LAC. When Δ < 0 the energy level 
diagram looks the same except that the states  and  at  = 0 are exchanged. 
Interestingly, our method also works for an arbitrary relation between  and . The reason for this is that 
at  = 0 two of the spin eigen-states are  and  (the other two states are given by superposition of the 
states  and ) whereas at  ≫ ||, |Δ| one of the eigen-states is the singlet state. In addition, it is possible 
to set the off-set Δ such that  (or ) is the second lowest state in energy (in the RF-rotating frame) at 
 = 0. Therefore, by an appropriate choice of the off-set, Δ, we can still perform conversion of the kind 
 ↔  or  ↔ . In the general case, when the relation between  and  is arbitrary, the value of Δ 
should be set as follows for APSOC (for positive ): 
|Δ| < 1
2
 +  + 
2
 
(8) 
Thus, APSOC works for an arbitrarily coupled pair. In order to make easy the search for the optimal RF-field 
parameters (i.e., , maximal  value and RF-field switching time) for APSOC (for an arbitrary relation 
between  and ) we developed software, which is available online [23]. Details of optimization of the RF-
field switches in the APSOC are presented in Appendix A. 
An important point here is the performance of our method with respect to the M2S and S2M conversion 
efficiency. Assuming that relaxation during RF-excitation equalizes the populations of the three triplet states 
but does not affect the singlet state, in APSOC we expect that after the two conversion stages the spin 
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magnetization, , equal to 

 of the initial magnetization, , remains. However, experimentally detected  
can be higher than 


 when the triplet relaxation is incomplete (in the limiting case where the RF-
excitation period is shorter than all relaxation times in the spin system we obtain  =  due to 
reversibility of adiabatic transitions), see Appendix B for details. The  = 

 value is the theoretical upper 
limit for the M2S-S2M conversion efficiency [22]. Of course, as the singlet maintenance time increases the 
resulting magnetization decreases as well due to singlet-order relaxation. Hereafter the value / is 
denoted as  .  
III. Results 
To demonstrate the utility of the APSOC method we use the experimental protocol shown in Figure 3. The 
RF-field frequency for the  ↔  or  ↔  conversion is chosen as shown in Figure 3a for a strongly-
coupled spin pair. The protocol comprises four stages, see Figure 3b: (M2S conversion)-(singlet order 
maintenance)-(S2M conversion)-(NMR detection). For the M2S/S2M conversion we exploit APSOC and set Δ 
in order to obtain spin order conversion of the kind  ↔  or  ↔ . For singlet maintenance we use a 
spin-locking field in order to suppress singlet-triplet mixing. In principle, for strongly coupled spin pairs, 
 ≫ , singlet maintenance is possible even without introducing a spin-locking field. Additionally, we 
perform a comparison of APSOC and the so-called Spin-Locking Induced Crossing (SLIC) method [24], which 
is a technique for generating LLS in pairs of nearly equivalent spins. Details of the SLIC method are given in 
Appendix C.  
 
Figure 3. (a) Setting of the RF-frequency for APSOC and (b) experimental protocol used for generating, sustaining and observing 
LLSs. In (a) the off-sets, ±Δ, of the RF-frequency from ν are shown, which provide S ↔ T or S ↔ T conversion (here, for a 
strongly coupled pair |Δ| < ). The protocol shown in (b) comprises 4 stages. In stage 1 magnetization is converted into the singlet 
state (by APSOC we perform conversion of the kind T → S or T → S) by the RF1-field, which is adiabatically turned on during the 
time period 	. In stage 2 the singlet state is sustained during a variable time interval 	 (by using spin locking, or without spin-
locking when  ≫ ). In stage 3 the singlet state is converted back into -magnetization by the RF2-field, which is adiabatically 
turned off during the time period 	

 . Finally, in stage 4 the NMR spectrum is taken by using a 
/2-pulse. The frequency of the RF1- 
and RF2-fields is equal to  ± ∆. 
Experiments were performed for aqueous solutions of a dipeptide, H-Cys-Gly-OH (hereafter, Cys-Gly), at 400 
MHz and 700 MHz NMR spectrometers. LLSs are created for the strongly coupled α-CH2 protons of the Gly-
residue ( = 18 Hz,  is 8.6 Hz at 400 MHz and 15 Hz at 700 MHz) and the weakly coupled β-CH2 protons 
of the Cys-residue. The sample contains 30 mM of Cys-Gly (Bachem, G-3755) and 10 mM of EDTA at pH* 
7 
 
12.0 in D2O. The sample was bubbled by N2 for 10 minutes to remove the dissolved oxygen. EDTA was used 
to chelate paramagnetic ions. pH* indicates uncorrected reading from a pH-meter calibrated in H2O.  
Typical NMR spectra obtained using the APSOC method are shown in Figure 4a for different singlet 
maintenance times, !: at long ! of about 60 s the NMR signals are still visible, clearly indicating the 
presence of an LLS. The full ! dependence, see Appendix C, allowed us to find the singlet order lifetime , 
which equals 21 ⋅  at 700 MHz. Thus, we indeed create a long-lived spin order, i.e., singlet order, in the 
spin pair under study. 
 
Figure 4. (top) 700 MHz 
1
H-NMR spectrum of Gly(α-CH2) protons of Cys-Gly and APSOC (a) and SLIC (b) spectra for different 
duration, 	, of the spin-locking period. (c) NMR, APSOC and SLIC spectra of the Cys(β-CH2) protons of Cys-Gly. The signal 
intensities, , given in the units of , are shown on the spectra by underlined numbers.  and  times for each pair are indicated. 
Experimental APSOC and SLIC parameters are given in Appendix C.  
Now let us discuss the performance of our spin order conversion method, as demonstrated in Figure 4b. 
One can clearly see that after the M2S-S2M conversion the NMR signal remains strong as compared to the 
initial thermal signal . Namely, the signal is 0.74 ⋅  at short ! and goes to   at ! ≈ 3 s, i.e., at LLS 
maintenance times, which are longer than . When the !-dependence is approximated as a sum of two 
exponential functions, ! = " exp−!/ + " exp−!/ (fast and slow exponent,  ≈ ), 
the weight of the slow component, ", is about 0.51 ⋅ . Thus, our method indeed provides excellent 
M2S-S2M conversion efficiency. In general, when it becomes possible to reduce the RF-switching time so 
that ! + ! ≪  (in our example, ! + ! ≈ /3) we expect that the weight of the slow 
component reaches 


. Here we attribute the loss of the slow component at ! → 0 to relaxation during 
the RF-on/RF-off periods. Additionally, we performed SLIC experiments for the same spin pair as described 
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in Appendix C, which provide a similar ! dependence; however, the conversion efficiency in the SLIC case 
is systematically lower, see Figure 4c. For instance, at short ! we obtain  <   in the SLIC case.  
Additionally, we studied the influence of the spin-locking field on the singlet maintenance efficiency. Using 
such a spin-locking field is not necessary when  ≫ , so that the singlet state is almost an eigen-state of 
the Hamiltonian 
. However, when ~ spin-locking makes the LLS lifetime longer: at 700 MHz  
increases from 6 s to 40 s, see Appendix D.  
As mentioned above, our method works for both weakly and strongly coupled spin pairs. In this work, the 
APSOC method was also applied to the weakly-coupled β-CH2 protons of the Cys residue. At ! → 0 we 
obtain  = 0.72 ⋅ ; the ! dependence shows that we clearly generate an LLS ( = 5.8 s, which is 
about 4.8 ⋅ ). The SLIC method is not directly applicable to this system, because, literally, there is no LAC 
at  ≈ || in this case. After a modification the SLIC method can be nonetheless used, but its performance 
is much lower than for APSOC, see Appendix C. 
An important issue for our method is the setting of the ! and ! times and the maximal -value of the 
switched RF-fields. When optimizing these parameters we keep in mind that the adiabaticity condition 
implies that the rates, at which the eigen-states of 
 change with time, given by the expression 〈#| 

|$〉, are 
much smaller than the instantaneous frequencies of coherent spin evolution, %() =  −  (here we 
introduce the solution of the eigen-problem of the Hamiltonian as 
()|#〉 = |#〉). Here we do not 
optimize the exact () time profile and only vary the maximal RF-field strength  and the switching 
time ! (or !) by running numerical calculations. Examples of such optimization are shown in Appendix 
A for a pair of strongly-coupled protons and a pair of nearly equivalent 
13
C nuclei. Once ! and ! are 
above a certain threshold value (minimal time compatible with adiabatic variation of the Hamiltonian) there 
is no benefit to increase them further, since spin relaxation during the pulses reduces the spin order. The Δ 
parameter can be set according to Eq. (8). Once these conditions are fulfilled the APSOC performance is 
insensitive to variation of the RF-field parameters. 
One should also note that the RF-field switches between stages 1,2,3, see Figure 3, result in non-adiabatic 
changes of the spin Hamiltonian. However, these switches do not affect the singlet state population 
(because the singlet is nearly an eigen-state of the Hamiltonian in all cases) and do not disturb the singlet 
spin order. 
IV. Conclusions 
Thus, a general method for generating and observing singlet spin order is proposed. The method makes 
efficient use of adiabatically switched RF-fields, which perform the M2S and S2M conversion of the kind 
 ↔  and  ↔ . APSOC works for strongly coupled spin pairs as well as for weakly coupled spin pairs. 
The technique is simple in use and requires setting two parameters, the frequency of the switched RF-field 
and the ramp of RF-field switching, whereas the ! and ! times, as well as , do not need to be 
carefully controlled. Thus, in contrast to methods, which exploit spin coherences, by using adiabatic passage 
we do not need to control the experimental timing. The switched RF-field thus works as an NMR “pulse”, 
which induces spin order conversion of the kind  ↔  or  ↔ . Furthermore, by varying the frequency 
of the switched RF-fields, one can change the “phase” of the APSOC “pulses” and arrange a pseudo “phase 
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cycle” [20]. As will be shown in a separate publication, such a filtering procedure suppresses residual 
background signals, leaving only the signals of spin pairs under investigation. This makes our method very 
useful for selecting signals of a particular spin pair and for analyzing LLSs in a situation where the NMR 
spectrum is crowded. Thus, our general method for generating and observing singlet spin order creates a 
new powerful resource for studying LLSs in protein macromolecules and RNA/DNA fragments. 
We anticipate that our method is useful in many other situations as well. For instance, it can be applied to 
systems with more than two spins, e.g., to three-spin systems [20]. We also expect that the method works 
not only for protons, but for other nuclei as well. APSOC can be a method of choice to generate and observe 
LLSs in pairs of nearly equivalent spins, which are found in low-field experiments [7, 25] and specially 
designed molecules [6, 12, 13, 18]. The ease of our method (as there is no need to set carefully the RF-field 
strength and duration of the RF-pulse), the possibility of using APSOC for spin pairs with an arbitrary relation 
between  and  creates a new resource for generating and observing LLSs. One more topical application is 
preserving and manipulating spin hyperpolarization [16-19]. In particular, our method can be used in Para-
Hydrogen Induced Polarization (PHIP) experiments [26, 27]: when PHIP is generated in a pair of strongly 
coupled protons (e.g., at low magnetic fields) there is a need to convert the spin order into observable spin 
magnetization. We expect that the proposed technique perfectly fits to this experimental need. Likewise, 
APSOC is compatible with other hyperpolarization methods notably, with dynamic nuclear polarization: 
presently, the most general hyperpolarization technique. APSOC can be used to overcome the severe 
limitation imposed by T1-relaxation, which is a stumbling block for many applications of hyperpolarization in 
NMR spectroscopy and imaging. Last but not least, our method can be used to generate “entangled” 
quantum states, which are in the heart of quantum computing and quantum information processing [28, 29] 
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APPENDIX A. APSOC performance and optimization 
 
To find out what are the conditions for adiabatic RF-field switches in APSOC we have performed numerical 
calculations of the singlet order conversion efficiency.  
The thermal density matrix of a two spin-system is as follows: 
'( = 

4
+ )	 + 
	 = 

4
+ )'( − '( 
(A1) 
Here ) is the Boltzmann factor, 	 and 	 are the -projections of spins “a” and “b”; consequently the 
matrices )'( and )'( account for the equilibrium populations of the |*〉* and |*〉* states. We also 
introduce the density matrix of the |*〉* state, '(. When necessary, the matrices '(, '(  and '(  can be 
writen in the spin-operator form: 
'( =

4
+
	
2
+

	
2
+ 	
	 (A2a) 
'( =

4
−
	
2
−

	
2
+ 	
	 (A2b) 
'( = 

4
−  ∙ 
 (A2c) 
In APSOC transfer of population of the |*〉* or |*〉* states into population of the |*〉* state (and vice versa) 
occurs, depending on the RF-frequency. When we apply the adiabatic  →  and  →  pulses, the 
density matrix changes as follows: 
'( →+,,- 

4
+ )'( + '( (A3a) 
'( →+,,- 

4
− )'( + '( (A3b) 
Here the density matrices '( and '( stand for the residual triplet spin order; both matrices are 
“orthogonal” to '(: Tr'('( = Tr'('( = 0. From Eqs. (A3) we compute the following singlet-state 
populations: 
. = 1
4
+ ),      for      →  (A4a) 
. = 1
4
− ),      for      →  (A4b) 
In the general case, i.e., when adiabaticity is not perfectly fulfilled, the resulting density matrix differs from 
Eq. (A3). In such a situation the simple relations (A3) do not hold and the final density matrix is equal to 
'( = /'(, where /  is the super-operator describing the spin evolution; the resulting singlet-state 
population is equal to 
. = Tr 0'( ⋅ /'(1 = 1
4
+ ) ⋅ Tr 0'( ⋅ /2'( − '(31 (A5) 
To make a quantitative account for imperfect adiabaticity we introduce the following parameter, which 
characterizes the singlet order conversion efficiency: 
4 = . −
1
4
) = Tr 0'( ⋅ /2'( − '(31  
(A6) 
Thus 4 is the measure of singlet order conversion efficiency for an arbitratry M2S conversion method. The 4 
parameter changes in the range from −1 to +1. Specifically, for  population transfer between the |*〉* and 
states we obtain 4 = −1, while for the  →  conversion we obtain 4 = +1; when 4 = 0 the singlet state 
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is neither overpopulated nor underpopulated, i.e., . =  . Hence the absolute value of the 4 parameter 
should be maximized in order to find the optimal conditions for the M2S/S2M conversion. Here we 
performed optimization only for the M2S conversion because in the case of adiabatic transitions the S2M 
conversion proceeds in the same way. For the sake of simplicity, here we did not consider spin relaxation. In 
a simple way, the relaxation effects can be taken into account by optimizing the RF-switching profile under 
the constraint that the ! time is shorter than the relaxation times of the spin system. 
We investigated how the absolute value of the 4 parameter changes upon variation of the  and  
parameters, as well as the switching time, !, and the switching profile. 
In Figure 1A we show the optimal APSOC efficiency for a pair of protons as a function of !. In the 
calculation we used linear profile and exponential profiles (the results for other profiles can be obtained and 
analyzed in the same way), which are optimized: for the linear profile the  value is optimized, for the 
exponential profile two parameters,  and 5 (characterizing the ramp of the RF-on field), are optimized. 
It is clearly seen that at long ! times the APSOC efficiency approaches unity, whereas at short ! it is zero 
because the conditions for adiabatic variation of the Hamiltonian are not fulfilled. At  ≫ , i.e., for a 
weakly-coupled spin system the time compatible with adiabatic variation of the Hamiltonian is given by 1/. 
In the opposite case,  ≪ , of a strongly-coupled spin system the switching time compatible with 
adiabatic variation of the Hamiltonian is given by 1/. “Adiabatic variation” implies that the Hamiltonian is 
varied slowly; however, one can see that the ! times providing the APSOC efficiency of already 0.5 are not 
that long: they are of the order of 1/ (in a weakly-coupled spin pair) or 1/ (in a strongly-coupled spin 
pair).  
 
 
Figure 1A. Calculated dependence of || on the 	 time of RF-field switching. The APSOC efficiency is measured as described by Eq. 
(A6). The calculation is done without taking relaxation processes into account. Here  = 17 Hz, Δ = 10 Hz,  is varied. The RF-field 
switching on profiles are linear  = /	 (solid lines) or exponential  =  




 (dotted line); here 
0 <  < 	. The parameters of the field profile (the  value for the linear profile; the  value and  for the exponential 
profile) are optimized to obtain the maximal APSOC efficiency for the given spin-system and 	 and Δ parameters. 
We also evaluated the APSOC performance for a specific system of two nearly-equivalent 
13
C spins in a 
naphthalene derivative, which have an extremely long LLS lifetime [6]. The results are shown in Figure 2A. It 
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is readily seen that APSOC provides excellent  →  conversion efficiency when the ! times are about 1 s 
or longer. Thus, we anticipate that the APSOC method is useful for generating and observing LLSs in such a 
specifically designed molecule with nearly equivalent spins. 
 
Figure 2A. Calculated dependence of || on the 	 time of RF-field switching. The APSOC efficiency is measured as described by Eq. 
(A6).  The calculation is done without taking into account relaxation processes and considers two 
13
C nuclei of a naphthalene 
derivative that are indicated by black dots in the Figure. The 
13
C spin pair has a long-lived state with a lifetime of ~1 hour [6]. 
Parameters of the spin system: chemical shift difference is 0.06 ppm, (9.4 T) = 6 Hz,  = 60 Hz, Δ = 10 Hz. Parameters of the 
RF-field profile (the  and  values) are optimized. 
  
13 
 
APPENDIX B. M2S/S2M conversion efficiency in APSOC 
Let us derive the magnetization value after two M2S/S2M conversion stages. 
For spins having small thermal polarization we obtain the following populations of the spin states: 
. = 1
4
1 + 6,    . = 1
4
(1 − 6),    . = .() = 1
4
 
(B1) 
and the net spin magnetization is equal to  = . − . = !. Here 6 stands for the population 
differences between the spin states at equilibrium conditions. Let us assume that spin relaxation during the 
M2S/S2M conversion step is negligible and assume that we have  ↔  conversion (the results for  ↔  
conversion are exactly the same). In this situation after the M2S conversion the population of the -state is 
equal to  

 
(1 + 6). When the singlet maintenance time, !, is longer than the -relaxation time but 
shorter than  the populations of the three triplet states are rapidly equalized and become equal to 
〈.()〉 = 
 
−
!

. After the S2M conversion step the state populations are 
. = 1
4
1 + 6,    . = . = . = 〈.()〉 = 1
4
−
6
12
 
(B2) 
Consequently, the spin magnetization becomes 
 = . − . = 6
3
=
2
3
 (B3) 
Thus, 


 of the initial magnetization is irreversibly lost. Previously it has been shown [22] that such losses are 
inevitable, i.e., the M2S-S2M conversion efficiency is smaller than 1. When ! ≪ , we obtain  =  
because adiabatic transitions are reversible: the RF1-field redistributes the spin state populations but the 
RF2-field returns them back to the initial values. 
When spin relaxation during the switches comes into play it reduces the resulting  value because during 
the switch the singlet state is not an eigen-state of the Hamiltonian, with the consequence that all spin 
states are affected by T1- and T2-relaxation. This results in the loss of singlet spin order, i.e., in reduction of 
the measured  value. 
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APPENDIX C. Comparison of APSOC and SLIC 
In the main text we argue that APSOC is advantageous as compared to the SLIC technique. Here we present 
further detail of this comparison. 
SLIC is dealing with spin order conversion in strongly-coupled spin pairs [24]. The SLIC protocol is presented 
in Figure 1C. In this protocol, first the transverse 8-magnetization is formed by a 9"

:

-pulse. Then an RF-
field is applied during a time period !#$ along the 8-axis of the rotating frame. The RF-frequency should be 
equal to , see Figure 1Ca. When the RF-field amplitude matches the  value, it induces M2S transitions, 
i.e., coherent spin order conversion driven by . After !#$ equal to half-period of the coherent evolution 
the conversion efficiency is maximal. After that singlet-spin order is preserved during time interval ! by 
introducing spin-locking by a strong RF-field (its amplitude does not match  in order to prevent from spin 
order conversion). Finally, with the aim to observe the singlet state, the singlet spin order is converted back 
into transverse magnetization by an RF-field applied during a time period !#$ along the 8-axis of the 
rotating frame (again, the RF-amplitude matches the  value). 
 
Figure 1C. (a) Setting of the RF-frequency for SLIC and (b) experimental protocol used in the SLIC method. In (a) the off-set, Δ, of the 
RF-frequency from ν is shown, which provide M2S/S2M conversion (for transverse magnetization). The protocol shown in (b) 
comprises 5 stages. In stage 1 transverse magnetization is formed by a 



-pulse; then, in stage 2, the magnetization is converted 
into an LLS the RF-field, which has the -phase and duration of 	 . In stage 3 the singlet states is sustained during a variable time 
interval 	 (by using spin locking or in the absence of spin-locking when  ≫ ). In stage 4 the singlet state is converted back into 
-magnetization by the RF2-field, which has the -phase and duration of 	 . Finally, in stage 5 the NMR spectrum is taken. 
First, we evaluated the spin order conversion efficiency in APSOC and in SLIC by numerical calculations, see 
Figure 2C. For a strongly-coupled spin system both techniques work well; as far as the time required for spin 
order conversion is concerned, SLIC works better because it provides faster conversion. At the same time, 
SLIC requires precise setting of the mixing time !#$, whereas in APSOC it is sufficient that ! exceeds a 
certain threshold value. When the spin system is coupled weakly, the SLIC method does not work well 
anymore. This situation is, in principle, beyond the range of applicability of the method, since there is no 
crossing at  = || in a weakly-coupled spin system. However, SLIC can still perform M2S transfer but (i) its 
efficiency becomes low and (ii) the !#$ dependence contains fast oscillations, so that the transfer process 
can be difficult to control. At the same time, APSOC works perfectly in both cases. 
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Figure 2C. Calculation of the relative performance for the M2S conversion efficiency: dependence of singlet-state population of 	 
for APSOC (solid lines) and dependence of the singlet state population on 	  for SLIC (dashed lines). The APSOC efficiency is 
measured as described by Eq. (A6).The calculation is done without taking into account relaxation processes. Here  = 17 Hz, Δ = 10 
Hz,  is 100 Hz (black lines) or 0.5 Hz (red lines). In APSOC the RF-field switching on profiles are linear. The parameters of the field 
profile (the  value) are optimized to obtain the maximal APSOC efficiency for the given spin-system and 	 and Δ parameters. 
We also performed additional experiments to compare the performance of both techniques. In Figure 3C 
such a comparison is presented for the strongly coupled spin pair of the Gly-residue in the dipeptide. It is 
clearly seen that both methods perform the conversion and sustain the LLS (NMR signals are visible after 60 
s of spin-locking), but APSOC always provides higher NMR signal intensities. This is demonstrated by the !-
dependence, see Figure 3Cc: in SLIC and APSOC the signals decay at the same rate but in APSOC the signals 
are always stronger. When ! → 0 the M2S-S2M conversion efficiency for APSOC is  = 0.72, whereas for 
SLIC it is below 0.5. By fitting the ! dependence as a sum of two exponents (the slow component stands 
for the LLS) we have found " = 0.52, i.e., a strong contribution from the singlet spin order. In a weakly-
coupled spin pair (Cys-residue) the performance of APSOC is the same as in the previous case whereas the 
performance of SLIC is strongly reduced (as expected), see Figure 4C. 
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Figure 3C. (a) and (b) 700 MHz 
1
H-NMR spectra of Cys-Gly(α-CH2) with APSOC and SLIC spectra for different duration, 	, of the 
spin-locking stage . Signal intensities, , are shown at the spectra (underlined numbers).  (c) 	 time dependence of the NMR 
intensity of the α-CH2 protons. The signal intensity is given in units of the thermal polarization, indicating that after APSOC we 
obtain about 3/4 of the starting spin magnetization and in SLIC less than 0.5. The 	 dependences are fitted by the function 
(	) = ! × exp(−	/!) +  × exp(−	/); the fitting parameters for APSOC are: ! = 1.73 s,  = 39.8 s, ! = 0.17, 
 = 0.57 and for SLIC: ! = 2.9 s,  = 39.6 s, ! = 0.055,  = 0.385. Experimental APSOC parameters are: 	 = 	

 = 0.4 s, 
 = 70 Hz,  = 1 kHz, 	 is varied,  = 3.726 ppm, Δ = 12 Hz. Experimental SLIC parameters are: 	 = 45.46 ms, 
 = 17.5 Hz,  = 1 kHz, 	 is varied,  = 3.726 ppm. In (c) we also show the result of the conventional inversion-recovery 
experiment (dependence of the NMR signal on the recovery time) used for T1-measurements providing  = 1.9 s.  
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Figure 4C. (top) 700 MHz 
1
H-NMR spectrum of the Cys(β-CH2) protons of Cys-Gly (trace 1); SLIC spectrum obtained with parameters 
	 = 4.8 ms,  = 12.7 Hz, 	 = 0,  = 2.651 ppm (trace 2); optimized SLIC* spectrum obtained with parameters 
 = 37 Hz, 	 = 100 ms and  = 2.651 ppm (trace 3); APSOC spectrum obtained with parameters: 	 = 	

 = 0.2 s, 
 = 550 Hz,  = 1 kHz, 	 = 0,  = 2.651 ppm, Δ = 10 Hz (trace 5). Signal intensities, , given in units of , are shown in 
the spectra by underlined numbers. (bottom) 	 dependence of the NMR intensity of Cys(β-CH2) protons in the APSOC experiment. 
After APSOC  ≈ 0.72; the 	 dependences are fitted by function (	) = ! × exp(−	/!) +  × exp(−	/); the fitting 
parameters are: ! = 1.2 s,  = 5.8 s, ! = 0.2,  = 0.52. 
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APPENDIX D. Singlet order maintenance 
In our experiments, in order to sustain the long-lived singlet order we use spin locking. The idea behind it is 
that in the presence of a strong RF-field the singlet state is a true eigen-state of a spin pair. This is a valid 
assumption once the difference, , of the precession frequencies of the spins (in the rotating frame) 
becomes smaller than : 
|| ≪ || (1D) 
Let us consider this condition in further detail. In the rotating frame the spins precess at the following 
frequencies: 
 = ;Δ + ;       
 = ;Δ
 +  (2D) 
When  ≫ |Δ|, |Δ
| we obtain that  → 0, i.e., the singlet state is indeed maintained by the RF-field. 
 
Figure 1D. Dependence of the singlet-maintenance efficiency on the amplitude of the spin-locking RF-filed, , for the lifetimes of 
the fast, !, and slow, , components (top) and weights of these components (bottom) obtained for the α-CH2 protons of the Gly-
residue of Cys-Gly. Experimental parameters are: 	 = 	

 = 0.4 s,  = 70 Hz,  = 3.726 ppm, Δ = 12 Hz,  = 16.4 T, 
linear field switching profile is used. To obtain the singlet maintenance efficiency we fitted the (	) dependence by a bi-
exponential function. As above,  is the spin magnetization obtained in the APSOC experiment measured in units of the thermal 
magnetization. 
A specific case is given by a strongly coupled pair: in such a pair the singlet state is in good approximation an 
eigen-state with the consequence that it is sustained even without spin-locking, for example, see Ref. [6]. In 
the example presented here, the Cys-Gly peptide, the LLS maintenance in the absence of spin-locking is not 
so efficient even for the CH2-protons of Gly (“strongly-coupled” spin pair). To analyze the effect of the spin-
locking RF-field we analyzed the !-dependence of NMR signals in APSOC at variable . The time 
dependence was fitted by a biexponential function: the fast component was attributed to triplet relaxation 
with a characteristic time  while the slow component was attributed to the LLS. The results are given in 
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Figure 1D: the  time is relatively short in the absence of spin-locking and strongly increases upon increase 
of . At the same time, the weight of the slow component increases, indicating that spin-locking improves 
the LLS maintenance. 
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